Patients with CP exhibit a series of disorders of movement, posture and coordination that can vary according to type, severity and aetiology. 13 In this respect, knowledge of the changes that occur in skeletal muscle is essential to understand the impairment of functional capacity in patients with CP. 14 In scientific research using rats, one of the muscles most investigated is the plantaris muscle. 15 It is part of the group of plantar flexors muscles, together with the soleus and gastrocnemius muscles. 16 It consists predominantly of type II fibres, having a glycolytic characteristic. 17, 18 It has a wide use in research justified by the diversity of fibres that it possesses (I: 8 ± 2%; IIA: 19 ± 3%; IIB/D: 74 ± 4%) and its diverse possibilities of adaptation. 15, 19 Therefore, it was used as a target of this study, whose objective was to investigate the morphofunctional characteristics of skeletal muscle in an animal model of CP.
| MATERIAL AND METHODS

| Animals and experimental induction of cerebral palsy
The model of cerebral palsy was induced as previously described. 11, 20 Litters were obtained using 3-month-old
Wistar rats (11 females and six males). These animals were housed in polycarbonate boxes (27 × 26 × 31 cm) covered with shavings and kept under controlled conditions of temperature (20 ± 2°C) and light (12-hour light/dark cycle), with water and standard chow available ad libitum. First, the females were submitted to colpocytological examination for the verification of oestrous cycle. When in the receptive phase (pro-oestrus), the females were transferred to individual cages (19 × 11 × 10 cm) with one male for mating. Once pregnancy was confirmed by colpocytological examination, the pregnant females were injected intraperitoneally with sterile saline (100 μL) or LPS (200 μg/kg in 100 μL sterile saline). These injections were administered at intervals of 12 hours from day 17 to day 21 of gestation (end of pregnancy) ( Figure 1 ). 11 On the day of birth (postnatal day 0, P0), the litters were standardized and only male offspring were used to compose the experimental groups. The females were excluded because of the influence of sex hormones on muscle characteristics. 21 Male pups derived from at least four litters were divided into two groups, and the number of animals per group was defined according to the statistics. The control group (CG, n = 8) was composed of pups born to females injected with saline during pregnancy, and the CP group (CPG, n = 8) consisted of pups born to females injected with LPS during pregnancy and submitted to perinatal anoxia and sensorimotor restriction.
Perinatal anoxia was induced on P0 by placing pups of the CPG in a closed chamber partially immersed in water at 37 ± 1°C, under nitrogen (100%) flow of 9 L/min for 20 minutes. Next, the pups were rapidly removed, kept under normal atmospheric conditions and observed until return to their normal breathing pattern. 11 Pups of the CG were submitted to a similar procedure and maintained for the same period of time in the chamber, which remained open and with normal flow of atmospheric air. From P1 to P30, animals of the CPG were submitted to sensorimotor restriction for 16 h/d. The pelvic limbs of the animals were bound together with microporous adhesive tape, and the hip, knee and ankle were held in an extended position with a properly positioned epoxy mould adjusted to the size of the animal. This type of restriction permits the animal to perform limited movements of the hip, and slight ankle movements become possible over time. 12 This intervention appears to be well tolerated by pups and does not restrict miction, defecation, suckling or other maternal care. 10 During the same period (P1 to P30), the pelvic limbs of CG animals were manipulated for approximately two minutes, a period similar to that necessary to place the immobilization device in the CPG. 12 
| Ethical approval
| Study of muscle fibres and intramuscular collagen
For the study of muscle fibres and intramuscular collagen, five animals were used in each group. The right antimere of the plantaris muscle was removed and kept at room temperature for 30-40 minutes. 23 After this period, the material was covered with neutral talc for tissue preservation, 24 frozen in liquid nitrogen for two minutes, transferred to cryotubes and stored in a biofreezer at −80°C for subsequent processing. The muscle segments thus frozen were transferred to a cryostat chamber (LUPETEC CM 2850 Cryostat Microtome) at −20°C and maintained for 30 minutes for temperature stabilization. Next, the ends of these segments were glued to a metal support with Jung Tissue Freezing Medium (Leica, Wetzlar, Germany). The muscle specimens were cut into 7-μm semi-serial sections (in which the five sections in between were discarded) and submitted to the staining technique and enzymatic reaction described below.
| Histological study
Cross sections of the plantaris muscle were stained with haematoxylin-eosin (HE). 25 These HE-stained slides were used for the quantification of nuclei, muscle fibres and capillary-to-fibre ratio in 10 microscopic fields (40× objective) per animal. The number of nuclei and muscle fibres was used to determine the nucleus-to-fibre ratio. To obtain the capillary-to-fibre ratio, muscle fibres covering the upper right margins were included in the count, while those found in the lower left margins were excluded from the analysis in order to minimize errors, since capillaries present in the microscopic fields belonged to the vascularization of all fibres, including those that were not complete in the image. Quantification was performed individually by two trained evaluators, and the mean of the two values was used for analysis. 26 The presence of collagen in connective tissue was also evaluated. Transverse sections of the plantaris muscle were stained with Masson's trichrome, 27 and the percentage of intramuscular collagen was obtained by analysing three randomly encountered areas in one transverse section per animal (20× objective).
| Histoenzymological and morphometric study
Transverse sections of the muscle were also submitted to the nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR) reaction as described by Pearse 28 and modified by Dubowitz & Brooke. 29 The material obtained was used for the analysis of oxidative and glycolytic metabolism of the three types of muscle fibres. Morphometric analysis of approximately 200 muscle fibres was performed by measuring their respective areas in transverse sections of the plantaris muscle. The three types of muscle fibres were also quantified. Three microscopic fields per animal were randomly chosen (20× objective).
| Ultrastructural study of muscle fibres
For the ultrastructural study of muscle fibres, three animals were considered in the CG and four animals in the CPG. The left antimere of the plantaris muscle was removed and fixed in Karnovsky fixative. 30 The specimens were cut into approximately 1-mm-wide longitudinal fragments for processing. These fragments were washed in 0.1 mol/L phosphate buffer, pH 7.3 (15 minutes), and postfixed in 1% osmium tetroxide in the same buffer (2 hours). The specimens were then washed in distilled water (three times of 5 minutes each), incubated in 0.5% uranyl acetate in aqueous solution (2 hours), dehydrated in an increasing acetone series and immersed in a mixture of resin and 100% acetone (12 hours) for subsequent embedding in resin. Fields showing the largest amount of adequate material for analysis were selected in semi-thin sections (0.5 μm thick), and ultrathin (90 nm thick) sections were then obtained with an ultramicrotome (Ultracut UCT; Leica ® ). The ultrathin sections were stained with a saturated solution of uranyl acetate (20 minutes) and lead citrate (10 minutes) for subsequent analysis. The analysis was performed on 35 randomly encountered electromicrographs per animal.
| BURATTI eT Al.
| Histochemical and morphometric study of neuromuscular junctions
For analysis of NMJs, a fragment of the left antimere of the plantaris muscle of five animals per group was removed and fixed in Karnovsky fixative. 30 This fragment was cut longitudinally into several slices with a stainless-steel blade, and the sections obtained were submitted to the non-specific esterase reaction. 31 For morphometry, the area and largest and smallest diameters of 100 NMJs were measured in microscopic images (20× objective).
| Image analysis
The morphology and morphometry of muscle fibres, intramuscular collagen and NMJs were analysed in images captured with an Olympus BX60 ® microscope equipped with an Olympus DP71 camera (Tokyo, Japan) using the DP Controller 3.2.1 276 software. This material was analysed using the Image-Pro Plus 6.0 ® program (Media Cybernetics, MD, Rockville, USA). For ultrastructural analysis, the material was examined and photographed under a transmission electron microscope (CM100; Philips ® , The Netherlands).
| Statistical analysis
The data were analysed with the GraphPad Prism 5.0 ® program (La Jolla, CA, USA), considering the results of the Kolmogorov-Smirnov test of normality. Normally distributed data were analysed by the Student t test, while the MannWhitney test was used for nonparametric analysis. Values of P < 0.05 were considered significant.
| RESULTS
| Motor activity
Evaluation of the locomotor parameters showed reductions of 23% in mobility time (P = 0.0012), 42% in the number of crossings (P = 0.0003) and 57% in rearing frequency (P = 0.0008) in the CPG animals at 29 days of age when compared to the CG. At 45 days, animals of the CPG exhibited a reduction of 32% in mobility time (P = 0.0344) and of 41% in rearing frequency (P = 0.0310) compared to the CG. The other parameters evaluated at 29 and 45 days of age were similar in the two groups studied (Table 1) .
| Macroscopic parameters
Macroscopic inspection was performed on the day of euthanasia, at 48 days of age. There was a body weight reduction of 18% in the CPG animals compared to the CG (P = 0.0009).
With respect to muscle characteristics, a reduction in the weight (50%; P = 0.0009) and length (24%; P = 0.0007) of the plantaris muscle was observed in the CPG when compared to the CG. Muscle weight in relation to body weight was reduced by 36% in the CPG animals (P = 0.009), demonstrating a significant loss of muscle tissue (Table 2) . Values are expressed as mean ± standard deviation. *P < 0.05; **P < 0.01; ***P < 0.001 (Student's t test). *P < 0.05; **P < 0.01; ***P < 0.001. 
F I G U R E 1
F I G U R E 2
| Morphology and morphometry of muscle fibres and intramuscular collagen
The general architecture of skeletal muscle fibres was preserved. These fibres had a polygonal shape, were multinucleated with peripheral nuclei and were organized into fascicles. Blood capillaries were found interspersed among muscle fibres in the connective tissue (Figure 2A,B) . There was no significant difference in the area of muscle fibres stained with HE between the groups studied (P = 0.073). Analysis of fibre count showed a reduction of 29% in the CPG compared to the CG (P = 0.023). No significant difference in the number of peripheral nuclei was found between the two groups (P = 0.178). The nucleus-to-fibre ratio was reduced by 33% in the CPG compared to the CG (P = 0.002) ( Table 2) . Evaluation of the capillary-to-fibre ratio showed a 36% reduction in the CPG compared to the CG (P = 0.002) ( Figure 2E ).
Collagen was predominant in the perimysium that surrounds the muscle fibre bundles (Figure 2C,D) . There was an increase of 27% in the percentage of intramuscular collagen in the CPG compared to the CG (P = 0.038) ( Figure 2F ).
The muscle fibres were classified as proposed by Brooke & Kaiser. 32 The NADH-TR reaction demonstrated the presence of type I (small diameter and intense oxidative activity), IIA (intermediate diameter and moderate oxidative activity) and IIB (large diameter and weak oxidative activity) fibres in the two groups studied ( Figure 3A,B) . The mean area of type I fibres was reduced by 20% in the CPG compared to the CG (P = 0.024), while no significant difference was observed for type IIA (P = 0.292) or IIB fibres (P = 0.732) ( Figure 3C ). With respect to muscle fibre count, the number of type I fibres was 35% higher in the CPG compared to the CG (P = 0.034), while type IIA or IIB fibre count did not differ between groups ( Figure 3D ). Ultrastructural analysis by transmission electron microscopy showed a well-defined morphology of the muscle fibres in the CG, which were organized in sarcomeres following the striated pattern of light and dark bands (I-and A-bands respectively) ( Figure 4A ). Ultrastructural alterations characterized by disorganization of the myofibrillar pattern and Zand M-line were observed in the CPG (Figure 4B-D) . These changes were focal, being present in most muscle fibres of all the CPG animals. For the results was counted the frequency of ultrastructural alterations in the electromicrographs. The obtained data were submitted to the statistical test that revealed a significant increase in Z-line disorganization (333.3%; P = 0.034; Figure 4E ), myofibrillar disorganization (142.8%; P = 0.0026; Figure 4F ) and Z-line dissolution (184.2%; P = 0.0011; Figure 4G ) in the CPG when compared to the CG.
| Morphology and morphometry of neuromuscular junctions
The NMJs had an oval, round and elliptical shape in the CG and the CPG (Figure 5A,B) . Morphometric analysis revealed a reduction in the area (25%; P = 0.004) and in the largest (11%; P = 0.048) and smallest diameter (11%; P = 0.031) of NMJs in the CPG compared to the CG ( Figure 5C-E) .
| DISCUSSION
The use of animal models for the investigation of human diseases is only relevant if cellular responses occur in both the human and the animal organism. 33 Regarding CP, no wellestablished experimental model exists for the study of encephalopathy. Stigger et al. 11 proposed that the combination of prenatal exposure to LPS, perinatal anoxia and sensorimotor restriction is more effective in reproducing the characteristics observed in patients with CP. However, studies evaluating in detail the skeletal muscle in this experimental model are sparse. The present study provides additional results regarding the effects of the model proposed by Stigger et al. 11 on the motor function and morphology of muscle fibres and NMJs of the plantaris muscle. The evolution of locomotor parameters was evaluated in the open-field test at 29 and 45 days of age. The results showed a reduction in mobility time, number of crossings and rearing frequency at 29 days of age in the CPG animals compared to the CG. With the removal of sensorimotor restriction at 30 days of age, the mobility time and rearing frequency continued to be altered in the CPG at 45 days of age. Reduced activity in the open-field test has been reported by other authors in models of hypoxia-ischaemia 34 and CP. 35, 36 Studies have shown that prematurity and hypoxic events affect the striatum, 37, 38 which is responsible for the initiation and control of movement. 39 Thus, we believe that the present results may be related to damage to the striatum that leads to the motor deficits observed. The evaluation of body parameters showed a reduction in body weight and in the weight and length of the plantaris muscle in the CPG compared to the CG. Other studies also demonstrated a weight reduction in animals with CP. 36, 40 This finding could be attributed to muscle atrophy or lower bone density caused by sensorimotor restriction. 40 The ratio between body weight and muscle weight showed marked impairment of muscle weight when compared to the total body weight of the CPG animals. Reduced muscle weight and length are common features observed in patients with CP that can cause mechanical deficits, resulting in muscle weakness, loss of motor control and lack of balance. 14,41 These changes are suggested to be due to the limitation of movement caused by immobilization, compromising muscle development. 42 The remodelling capacity of skeletal muscle permits its adaptation according to functional demands. 43, 44 In the present study, a reduction was observed in the number of nuclei and, consequently, in the nucleus-to-fibre ratio in the CPG. According to the myonuclear domain hypothesis, each nucleus is responsible for a specific amount of sarcoplasm and for the necessary protein synthesis in the respective domain. 45 The myonuclear domain is not fixed and varies according to muscle fibre type, being inversely related to the oxidative capacity of the muscle fibre. 46 Because of their high oxidative activity, type I muscle fibres have a smaller myonuclear domain than type IIA and IIB fibres. 47 In this respect, the number of nuclei per fibre is related to cell volume and muscle fibre atrophy is therefore associated with the loss of nuclei. 46, 48 The reduction in cell volume requires less protein turnover and consequently a smaller number of nuclei for production of the necessary protein volume. 49 Thus, the reduction in the nucleus-to-fibre ratio found might be related to the atrophy of type I muscle fibres observed in this study. Since the number of capillaries is directly proportional to muscle mass, 50 reduced capillarity may be associated with the reduction in type I muscle fibre area observed in this study. Decreased muscle activity reduces the capillary network and consequent oxygen supply 51 . This affects muscle metabolism, increasing fatigability due to impaired supply of energy substrates and oxygen, factors that are important for maintaining essential metabolic characteristics of the muscle. 52, 53 Another factor is the accumulation of connective tissue, which was also found in the present study, impairing intramuscular blood circulation by increasing the connective tissue barrier between the capillary and muscle fibre. 54 Connective tissue is important for providing mechanical support to muscles. 55 Its composition and arrangement interfere with muscle function and are altered in the presence of muscle disorders. 44 Immobilization causes an increase in intramuscular connective tissue that results in the loss of extensibility and movement limitation. 54, 56 An increase in intramuscular collagen has been observed in patients with CP, which is associated with the installation of stiffness observed in disused muscles. 57, 58, 59 In this study, a higher percentage of collagen in connective tissue was found in the CPG. Since the same was observed by other authors who combined perinatal anoxia and sensorimotor restriction in an experimental model of CP, 60 we believe that these insults were responsible for the increase in collagen percentage. Studies using the same model of CP as employed here have shown muscle fibre atrophy in soleus 42 and tibialis anterior muscle. 11 Muscle atrophy is a feature seen in patients with CP, 61 and type I fibres are more susceptible to the alterations resulting from inactivity in these patients. 62 In the present study, a reduction in the cross-sectional area of type I fibres was observed in the CPG, in agreement with the literature, while no changes were found for type IIA or IIB fibres. This result may be explained by the metabolism of each muscle fibre type. Type I fibres require high protein turnover and therefore depend on a higher rate of protein synthesis and degradation than type IIA and IIB fibres. 63 Given this knowledge and since muscle vascularization is impaired in this model, we believe that the metabolic substrates are not sufficient to maintain protein synthesis in the CPG animals. Since type I fibres are dependent on a higher protein supply, it is suggested that they are more affected, with the observation of significant differences compared to type IIA and IIB fibres that were able to maintain their metabolism. Thus, muscle fibre atrophy is an adaptive response to reduce metabolic demands in order to protect cell viability and the contractile function of the muscle. 64 In addition, muscle fibre atrophy has been associated with fibre adaptation to motor disabilities caused by brain injury and loss of sarcomeres. 65 There was also an increase in the number of type I fibres, which is associated with a reduction in fibre area, resulting in a larger number of fibres per microscopic field analysed. The ultrastructure of muscle fibres is little studied in CP. To our knowledge, this is the first study to evaluate skeletal muscle ultrastructure in an animal model of CP. The changes observed, including Z-line disorganization, myofibrillar disorganization and Z-line dissolution, were focal, corroborating the results obtained for patients with CP. In humans, Marbini et al. 61 demonstrated various degrees of myofibrillar disorganization or disorientation, with focal loss of the striated pattern which was always accompanied by changes in the Z-line. The Z-line provides transverse support to the sarcomere, ensuring transmission of contraction force in the myofibril. 53 Desmin filaments are linked to the Z-line through crystallin and plectin, forming a network among myofibrils in the sarcoplasm and the sarcolemma which protects against the mechanical stress during muscle contraction. 66 It is important to note that the contractile apparatus is bound to the basement membrane through association with the Z-line and M-line. The contractile force is thus transmitted to the basement membrane where it is transmitted laterally to the muscle end. 66 Taken together, these findings reinforce that the loss of structural organization observed, even if focal, compromises the contractile action of the whole muscle. The structural integrity of NMJs influences neuromuscular transmission and consequently muscle function. 67 In spastic CP children, transmission electron microscopy analysis showed a reduction in presynaptic mitochondria, modifications in postsynaptic folds, and changes in structures that are essential for the organization and efficiency of neurotransmission in NMJs. 68 The interruption of motor activity during development results in modifications in the peripheral nervous system, 10 since the mechanical activity applied to the muscle fibre is important for the maturation of innervation. 69 Animals submitted to sensorimotor restriction exhibit a reduced cross-sectional area of motoneurons. 20 The morphology of NMJs adapts to the functional demands of different motor units 70 and depends on the muscle fibres with which they are associated. 53 Few studies have investigated the changes that occur in NMJs in animal models of CP. In the present study, reductions were observed in the area and largest and smallest diameters of the NMJs analysed. We suggest these results to be related to the atrophy of type I muscle fibres discussed above and that sensorimotor restriction was the determinant factor of these changes. Since these structures are affected in patients with CP, this animal model appears to reproduce some of the characteristics observed in studies on humans.
| CONCLUSION
The animal model of CP that combines prenatal exposure to LPS, perinatal anoxia and sensorimotor restriction caused the accumulation of intramuscular collagen, muscle fibre atrophy and ultrastructural alterations in muscle fibres and NMJs. These adaptations culminated in motor deficits demonstrated by the open-field test. This model showed the relationships between structural alterations in skeletal muscle and could be used in animal studies investigating CP, thereby contributing to the development of new therapeutic strategies designed to improve the quality of life of patients with this disorder.
